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RESEARCH MEMORANDUM 


AN ANALYSIS OF RAM-JET-ENGINE TIME DELAY FOLLOWING A 
FUEL-FLOW DISTURBANCE 
By Fred A. Wilcox and Arthur R. Anderson 


SUMMARY 

After a fuel-flow disturbance in a ram- jet engine^ a time delay 
occurs before the engine responds. After the time delay^ there is a 
rapid change in response followed by a gradual approach to the new steady- 
state condition. In the analytical method of predicting this initial time 
delay proposed herein, the delay is assumed to consist of the time for 
fluid propagation downstream from the fuel injector to the exhaust-nozzle 
throat plus the time for pressure-wave propagation upstream from the nozzle 
throat to the sensing station. 

In the analysis, the ram- jet engine is studied through individual 
consideration of its components, namely, the diffuser, fuel-mixing region, 
combustion chamber and exhaust nozzle. The combustion-chamber time delay 
was calculated theoretically for several rates of heat addition and com- 
pared with experimental values. 

An optimum combustor-inlet Mach number is shown to exist for minimum 
time delay for each condition of combustion-chamber temperature ratio and 
flight Mach number. Methods of reducing the total engine time delay in- 
clude (l) using minimum component lengths, especially the fuel-mixing 
length; (2) using high-reaction-rate fuels; and (3) placing the sensing 
element as close to the nozzle throat as possible. 


INTRODUCTION 

The dynamic behavior of the ram- jet engine must be known for the 
integrated design of the engine and the engine control systems. Much of 
this required dynamic information can be obtained from the response of 
the engine to imposed step disturbances. Experimental data (ref. l) show 
that, after a step change in fuel flow, the ram- jet engine has a time de- 
lay during which no engine response is obtained. References 2 and 3 show 
how this time delay limits the response rate of engine control systems. 
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As a step in describing ram- jet-engine dynamics, an analytical, means 
of determining time delay and an insight into the factors affecting this 
delay are presented and discussed. The total time delay is assumed to 
consist of the time for fluid propagation downstream from the fuel in- 
jector to the nozzle throat plus time for wave propagation upstream from 
the nozzle throat to the control sensing element. General equations are 
developed for the fluid- and wave-propagation times through the engine 
components under a variety of operating conditions. For ease of inter- 
pretation and application , these equations have been solved and are pre- 
sented graphically. The analytically derived results are then . compared 
with the limited experimental data available. This analysis was made at 
the NACA Lewis laboratory. 


ANALYSIS AND COMPUTATIONS 

A schematic diagram of the response of internal engine pressure 
to a step change in fuel flow is presented in figure 1. Following a 
sudden increase in fuel flow, there is a time delay before the pressure 
change produced by this new operating condition is sensed at a station s 
forward of the fuel injector (fig. 2). At the end of this time delay 
(also termed "dead time") , the sensed pressure rises abruptly at first, 
and then gradually approaches the new steady-state pressure condition. 

In order to understand the proposed mechanism of time delay, con- 
sider the schematic diagram of a fixed -geometry ram-jet engine (fig. 2). 
The time delay is assumed to consist of the propagation time for the 
fluid particles to travel from the fuel injector to the exit-nozzle 
throat plus the time for a pressure wave to travel upstream from the 
throat to the pressure sensing station s in the diffuser. When the tem- 
perature change resulting from the fuel-flow disturbance reaches the 
nozzle throat (the point of choking), a pressure wave traveling upstream 
at the local speed of sound is produced. Pressure waves due to burning 
are also transmitted upstream, but these are assumed to be weak. This 
assumed mechanism is intended to give the minimum possible time’ delay. 

No consideration is given to the response of the engine after the time 
delay. In applying this analysis, it must be noted that the terminal 
shock must be at or ahead of the sensing station s. For sensing stations 
ahead of the normal shock, there obviously may be no response. 

In analyzing the time delay, it was convenient to treat the engine 
components separately and then to total the component time delays . The 
definition of symbols and the derivation of equations for the component 
time delays are given in appendixes A and B, respectively. 

The engine was assumed to be operating in the stratosphere at stream 
Mach numbers from 2.0 to 4.0. The range of diffuser-exit Mach number in- 
vestigated varied from 0.10 to 0.25, and the over-all total -temperature 
ratio T was varied from 2 to 5. 
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The following assumptions were made in the analysis : 

(1) In the diffuser, the ratio of specific heats y equals 1.4 and 
in the combustor and exhaust nozzle r = 1-3. The gas constant R was 
taken as that of air and equal to 1716 (ft/sec 2) (ft-lb/(lb) (O r) ) through- 
put the engine . 

(2) After injection, the fuel is assumed to travel at the local air 
velocity into the combustor (ref. 4). 

(3) The flame front is assumed to move at the initial steady-state 
air velocity, and combustion is considered to take place in a constant- 
area combustion chamber. For purposes of estimating the fuel-air ratio, 
the combustion efficiency is assumed to be 100 percent. Otherwise, com- 
bustion efficiency does not enter the analysis, since the results as pre- 
sented depend only upon the initial and final total temperatures. 

(4) The following four alternative curves shown in figure 3 were 
assumed for the temperature rise in the combustion chamber: 

(a) As an extreme condition simulating fuels having extremely 
high reaction rates, a step-function temperature-rise curve was 
used. During the transient, no choking was assumed except at the 
exhaust nozzle. 

(B) Since the steady-state temperature-rise variation in a ram- 
jet engine with a conventional hydrocarbon fuel has been shown to 
approximate the first 90° of a sine curve (ref. 5), a sine distri- 
bution was used. For small-sized fuel steps, this steady-state 
temperature distribution would closely approximate that occurring 
during the transient. 

(C) For ease of computation and purposes of comparison, a 
linear temperature variation was assumed. 

(D) For large-sized fuel steps, the temperature-rise curve 
might be expected to droop during the transient (ref. 6). Accord- 
ingly, an exponential temperature-length expression which approxi- 
mates the time-averaged temperature distribution was also evaluated. 

(5) Both the exhaust nozzle and the diffuser were assumed to have a 

linear variation in radius with length and a constant gas total temper- 
ature. A range of area ratio from 0.5 to 0.8 was used in the 

nozzle calculations, and the nozzle was assumed to be choked at the 
throat, station 5. 
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The fluid- and wave-propagation times ^ which combine into the total 
time delay^ were computed for the following components: (a) fuel-mixing 

region^ station i to 2; (b) combustion chamber ^ station 2_to 4; and 
(c) exhaust nozzle, station 4 to 5. In addition, the wave -propagation 
time only was computed for a length of diffuser section (station i to s). 
The results of these calculations per unit length are presented in 
figures 4 to 11. 

The total time delay in the fuel-mixing region is presented in fig- 
ure 4 as a function of diffuser-exit velocity u^ and diffuser -exit 
total temperature Tj^ . For convenience, the accompanying table gives 
values of Uj_ and Tj[ for the range of diffuser-exit Mach number 

considered. For engines not having a constant fuel-mixing area, the 
average velocity between stations i and 2 can be used. In order to com- 
pare the effect of fluid- and wave-propagation times, the fluid- 
propagation time was also plotted and is simply l/uj^. For most operat- 
ing conditions, the fluid-propagation time in the fuel-mixing region is 
considerably greater than the wave -propagation time. 

The combustor time delay for the step-function (curve A, fig. 3) 
heat-addition variation is given in figure 5. The combustor time delay 
decreases to a minimum with increasing combustor-inlet velocity u^ and 
then rises sharply as high stream velocities through the combustion cham- 
ber cause large increases in the wave -propagation time. An optimum value 
of combustor-inlet Mach number M^ for minimum time delay is indicated 
on each curve. This minimum time delay decreases with increasing T and 
free-stream Mach number Mq. The effect of M^^ is due to changes in 
combustor-inlet temperature T3. Similar trends exist in all the other 
assumed combustor temperature distributions (figs. 6 to 8) . 

In order to show the relation between fluid- and wave -propagation 
time, the fluid-propagation time only is plotted on figure 6 also. From 
these curves it is seen that at the lower inlet velocities the time delay 
is predominantly flu id -propagation time, but at the higher inlet veloc- 
ities the time delay is predominantly wave -propagation time. A compari- 
son of the several assumed temperature variations reveals that the more 
rapid the rate of heat addition, the shorter the time delay. This trend 
is summarized in table I for the four temperature variations assumed at 
x = 4 under identical combustor-inlet conditions. 

The curves of figures 5 to 8 are based on combustor-inlet conditions 
at station 3 and neglect any e'ffect the flameholder may have on the com- 
bustor time delay. This effect may be taken into account by correcting 
the combustor-inlet velocity to include the slight velocity increase due 
to the pressure drop across the flameholder. From table II it is seen 
that, at combustor- inlet velocities generally considered for ram- jet 
application, only a small error in combustor time delay results from 
neglecting the effect of the flameholder. The error becomes great. 
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however, near the choking limit for a constant-area nozzle as the inlet 
velocity becomes large and wave -propagation time becomes dominant, caus- 
ing the reversal in trend of the relation between velocity and time delay. 

The total time delay in a conical exhaust nozzle is given in figure 

9 as a function of inlet total temperature T4 and exit area ratio 
Ag/A^. This time delay decreases with an increase in the inlet tempera- 
ature or a decrease in the contraction ratio. 

Since the fuel is injected downstream of the subsonic diffuser, no 
flu id -propagation time need be considered for the diffuser. The wave- 
propagation -time parameter of a conical diffuser is presented in figure 

10 as a function of area ratio A^/a^ and inlet and exit Mach numbers . 

As would be expected, the wave-propagation-time parameter for a conical 
diffuser of given area ratio is reduced by lowering the velocity through 
the diffuser. 

Inasmuch as some ram-jet diffusers have a combination of constant- 
area and conical sections, the wave-propagation time per foot through a 
constant-area section was also computed and is plotted in figure 11 as a 
function of the flow velocity u and the stream total temperature T. 


EXPERIMENTAL AND ANALYTICAL RESULTS AND INDICATED DESIGN TRENDS 

Results 

Experimental time-delay data were obtained in the Lewis 8- by 6-foot 
supersonic wind tunnel for a 16-inch ram-jet engine (fig. 12). As re- 
ported in reference 1, the experimental time delay for all test condi- 
tions varied from 0.02 to 0.05 second. The range in experimental values 
may be explained on the basis of a variation in (l) the rate of heat 
addition; (2) the point at which combustion begins; and (3) the location 
of the terminal (normal) shock before and after the disturbance. 

The effect of rate of heat addition on the time delay has already 
been discussed and is summarized in table I. The effect of a variation 
in the point at which combustion begins can be seen by assuming combus- 
tion to start first at the pilot, station 2' (fig. 12); then at the end 
of the sleeve, station 2; and finally at the end of the can, station 3. 

At those stations, with the sine temperature distribution assumed, total 
engine time delays are 0.0271, 0.0307, and 0.0364 second, respectively. 
Since the combustor of the 16-inch engine was a can configuration, a 
change in engine operating condition may easily shift the position along 
the can where the gas temperature rises . 

When step-function, linear, or exponential temperature distributions 
are assumed, a larger variation results which approximates that obtained 
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experimentally. Experimental fuel-flow steps were made between slightly 
supercritical and slightly subcritical engine operation. The measured 
time delay closely approximated 0.025 second. By assuming the sine tem- 
perature distribution and combustion beginning at the pilot (station 2')^ 
good agreement between experimental (0.025 sec) and theoretical (0.027 
sec) time delay was obtained. 

Data were also taken with the combustion chamber shortened 2 feet. 
Under the conditions of nearly critical operation , the average experi- 
mental time delay was 0.0215 second; with assumptions of the sine tem- 
perature distribution and combustion beginning at the pilot, a theoret- 
ical time delay of 0.0225 second resulted. 

The experimentally observed response of static pressure at station 
s of this engine to a sinusoidal fuel-flow variation is reported in ref- 
erence 3 and is reproduced in figure 13. Also included in figure 13 is 
the theoretically predicted response, considering time delay only. A 
fair approximation to the experimental response is obtained at the lower 
frequencies, and good agreement is obtained at the higher frequencies. 

As stated previously, the response of internal engine pressure to a 
step change in fuel flow consists of a time delay, an abrupt change in 
pressure, and then a gradual approach to the new steady-state value. If 
the initial abrupt change is a sufficiently large part of the total 
change, satisfactory prediction of the dynamic behavior of certain simple 
control systems (ref. 2, for example) is possible from time-delay consid- 
erations alone. For more complex control systems or where the initial 
change is not a large part of the total change, knowledge of the gradual 
approach to the final value is also required. 

Unpublished experimental time-delay data are available for a large 
submerged ram- jet engine, shown schematically in figure 14. With the 
sensing probes placed at stations 3 and s, total time delays of approxi- 
mately 0.015 and 0.05 second, respectively, were recorded. Under assump- 
tions of sine-variation rate of heat addition, combustion starting midway 
between stations i and 3, and by using the measured diffuser-exit Mach 
number, corresponding time delays of 0.023 and 0.045 second result 
analytically. When sensed at station s, the time delay was considerably 
larger than the value obtained at station 3 because of the extreme length 
of the subsonic diffuser and the high level of Mach number in the section 
from s to i . Although the combustion-chamber diameter is three times 
as large as that of the 16-inch engine, similar combustor-time -delay 
values were obtained as a result of similar component lengths. 


Design Trends 

Since the total engine time delay obtained analytically is in rea- 
sonable agreement with experimental data, component time delays were 
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examined to determine favorable design trends. Table III lists the com- 
ponent time delays for the 16-inch ram Jet assuming the sine temperature 
variation and operation at a flight Mach number of 2.0 and a diffuser- 
exit Mach number of 0.185. For this table the engine time delay was 
evaluated for station s of figure 12. The principal factors contribu- 
ting to time delay are fuel-injector location and combustion-chamber 
length. The engine time delay could be reduced up to 22 percent by 
locating the fuel injector closer to the combustor. As stated previously, 
the time delay in the combustor could be reduced by shortening the com- 
bustion chamber and by selecting the optimum combustor-inlet Mach number 
indicated in figure 6. However, the combustion efficiency was reduced 
from 77 to 69 percent at critical . operation (ref. 7) by shortening the 
combustion chamber. Reductions in chamber length may be achieved without 
losses in combustion efficiency by utilizing a fuel having a higher 
reaction rate. 

Engine wave-propagation time in the diffuser may be reduced by 
eliminating straight sections, shortening the diffuser, and by keeping 
the Mach number low downstream of the sensing station. Finally, for 
control systems other than inlet-shock positioning devices, the engine 
time delay can be reduced considerably by locating the control sensor as 
close to the exit-nozzle throat as possible. 


CONCLUDING REMARKS 

A method has been developed to estimate ram-Jet-engine time delay 
following a fuel-flow disturbance. The method is based upon the assump- 
tion of a flu id -propagation time from the fuel injector to the exhaust- 
nozzle throat plus a wave-propagation time upstream from the nozzle 
throat to the control sensing station. Over-all time delays predicted 
by this method show reasonable agreement with experiment. An analysis 
of engine components suggests that short lengths of all components are 
desirable for obtaining low values of time delay. For engines that 
employ a fuel-injection system upstream of the flameholder, a reduction 
in the fuel -mixing length offers a means for appreciably lowering the 
time delay. In addition, the time delay can be reduced by using high- 
reaction-rate fuels and by designing for an optimum combustor-inlet Mach 
number. The time delay of the engine control loop can also be reduced 
substantially by employing control systems with the sensing station 
located as close to the nozzle throat as is practical. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, April 26, 1955 
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APPENDIX A 
SYMBOLS 

The following syrabols are used in this report: 

A area, sq ft 

a sonic velocity, ft/sec 

D time delay, sec 

K constant 

L length of respective component, ft 

M Mach number 

pressure-drop coefficient associated with a flameholder 

q 

R universal gas constant, 1716 (ft/sec^)(ft-lb/(lb)(°R)) 

r radius 

T total temperature, °R 

u local velocity, ft/sec 

X distance along a con 5 )onent 

X ratio of specific heats 

p 1 + fuel-air ratio 

T engine total-temperature ratio 

Subscripts: 

d diffuser • ' 

e ej<ponential temperature distribution • 

f fuel propagation 

i fuel- inject ion or . diffuser-exit station 
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I linear temperatiire distribution 

n nozzle 

s diffuser sensing station 

w wave propagation 

X distance along a component 

0 free stream 

1 engine inlet 

2 fuel-injection-section exit 

3 combustor inlet 

4 combustor exit 

5 nozzle throat 

* position where M = 1 
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APPENDIX B 


DERIVATION OF EQUATIONS FOR COMPONENT TIME DELAYS 

Eqviations are derived herein for the time delays, of the several en- 
gine components discussed in the body of the report. The resiilts of 
these equations are plotted in figures 4 to 11. 

Consider a duct through which a compressible fluid is flowing, such 
as the engine con 5 )onent 1 to 2 of the following sketch: 


(a-u) 

— I 
I 
I 
I 

I I I I I 

1 2 

Sketch (a) 

Fluid particles in the stream travel downstream from 1 to 2 at the local 
a,ir velocity u. The time required for this particle travel is termed 
fluid-propagation time, which can be expressed mathematically as 




VrRT ^ 


dx (l) 


If for some reason a distiurbance occurs at station 2, the pressure wave 
generated by this disturbance travels upstream at the local speed of 
sound minus the local downstream air velocity a-u. The time consumed 
for this wave travel is termed wave -propagation time. Expressed 
mathematically, 


D, 


w 



(i - M} 


( 2 ) 


The total time delay D in the response of a ram-jet engine to an 
imposed fuel-flow step is assimied to be the fluid-propagation time from 
the fuel injector to the exhaust-nozzle throat plus the wave -propagation 
time from the exhaust -nozzle throat to the point at which the response 
is measured. Hence, from equations (l) and (2), 
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( 3 ) 

This problem is resolved by exj)ressing dx/-y/T in terms of Mach nijinber 
for the following three general cases: (l) where total temperature and 

Mach number remain constant throughout the component (fuel-injection sec 
tion and diffuser straight section); (2) where total temperature remains 
constant but Mach nuinber changes (nozzle and diffuser); and (3) where 
both total temperature and Mach number change (combustion chamber). 


Fuel-Injection Section and Diffuser Straight Section 

In the fuel- inject ion section^ the fuel was assumed to travel at 
the local downstream air velocity (ref. 4) in a constant-area pipe 
(Sketch (a) ) . Therefore, the fluid -propagation time per unit length is 
sinqoly l/u. Also, a pressure wave moving upstream travels at the local 
speed of sound minus the local downstream velocxty a — u. Therefore 
the wave -propagation time per unit length is l/(a - u). The resulting 

time delay ■■■ is plotted in figure 4. 

Constant-area sections may also be placed in a diffuser. The wave- 
propagation time per rnilt length in this section is simply l/(a - u) 
which is plotted in figure 11. , 


Nozzle and Diffuser 

The exhaust nozzle and diffuser are similar in that an area varia- 
tion produces the desired change in Mach number. Both sections were 
assimied to have constant ratio of specific heats r, total temperatirre 
T, and linear variation in radius with length. However, in the nozzle 
r eqioaled 1.3 and the temperatixre equaled T^, while in the diffuser y 
equaled 1.4 and the temperatirre equaled Tj_. In these sections, the one- 

dimensional area-variation equation is used to transform the variable to 
Mach number. Since the nozzle was choked. 


r+1 
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The radius of the nozzle may be exi)ressed mathematically as 



Equation (5) is substituted into eq\aation (4); the res\ilt^ upon differ- 
entiation, is inserted into equations (l) and (2). The integrand of D 
is then expanded by use of the binomial theorem and integrated. Since 
is less than imity, and because the coefficients of the higher powers 


approach zero, terms of higher degree than s/2 may be neglected. The 
integration gives 



The solution of this eqixation, in terms of temperatiare and area ratios, 
is given in figure 9. Neglecting hi^er orders of Mach number in this 
expansion (6) is' not critical, since the time delay of the nozzle is 
only approximately 10 percent of the total time delay. 

In the diffuser, neither station s nor i is assumed choked; equa- 
tion (4) therefore was transformed into 

--+1 

( 7 ) 


The radius of the diffuser may be expressed mathematically as 



Equation (s) is substituted into equation (?) which, upon differentiation, 
is inserted into eqmtion (2). With the assunption ot x - 1-4:, D^. in- 
tegrates in closed form. Hence, ^ 


A = 


, V - 1 

A^Mj_ / 


M 
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Equation (9) is plotted in figure 10. 


Combustion Cbaraber 

For the combustor^ a simplified steady-state one-dimensional heat- 
addition equation in a constant-area tube is used to transform the vari- 
able to Mach number: 


Ml + 




M3 1 + 


r - 1 


= ' fS- 


1 + xw 


1 + 


For simplicity, R and y are assumed constant over the full length of 
the combustion chamber at 1716 (ft/sec^)(ft-lb/(lb)(°R)) and 1.3, respec- 
tively. Eqmtion (lO) solved for T is 


^2 (1 rljf (l + m") T3 

^ {1 + ^1 + 


However^ 


T = f(x) 


which varies, depending upon the rate of heat addition assumed. Equa- 
tions (u) and (12) are combined and differentiated with respect to x 
and M. When the result is substituted into equations (l) and (2), the 
transformation of variable is complete. 
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Linear distribution of T . - Substitution of the proper boundary- 
conditions into the equation of a straight line results in the following 
equation: 

T = (T 4 - T 3 ) (13) 


Upon substitution of eqiiatlon (l3) into equations (l2) and (ll) and in- 
tegration^ the resulting equation is 



A solution of equation (l4) converted to t and u_ is plotted in 
figure 7. ^ 


Sinusoidal distribution of T . - The equation for the first 90° of 
a sine curve, with the proper boundary conditions, is 

T = (T4 - T3) sin I f + T4 (15) 

Upon substitution of equation (l5) into equations (l2) and (ll), an Im- 
proper integral is obtained, which is unintegrable in closed fom. A 
suitable approximation can be made to the sine variation by employing 
a number of straight-line segments representing linear variations in T. 
As is apparent, the accuracy of the approximation improves with the num- 
ber of segments. A three-segment approximation (fig. 3) was used for 
the results of figure 6. 


Exponential distribution of T . - The equation of an exponential 
distribution, with the proper boundary conditions, is 
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Substitution of equation (l6) into equations (l2) and (ll) yields 



A nmerical integration is required^ and the results, converted to T 
and u^, are given in figure 8. 

Step-function distribution of T . - The calculations for the step- 
function distribution of tenqperature are similar to those for the fuel- 
mixing section because of the constant area and total tengjerature in the 
combustor. Thus, the sum of f luid-jpropagat ion and wave -propagation time 
per unit length is simply (l/u> + [ l/(a - u)]. This is plotted in figure 5. 
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TABLE I. - EFFECT OF ASSUMED TEMPERATURE 
DISTRIBUTION ON COMBUSTOR TIME DELAY 

(conditions at fuel-injection-section 
exit: Mach number^ 0.20; tempera- 

ture ; 705° R . Total-temperature 
ratio, 4.J 


Type of 

Time delay. 

distribution 

sec /ft 

Step function 

0.00163 

Sine 

.00228 

Linear 

.00256 

Exponential 

.00286 


TABLE II. - EFFECT OF FLAMEHOLDER ON COMBUSTOR TIME DELAY 

(Sine temperature variation; free -stream Mach number, 2.0; 
total-temperature ratio, 4; flameholder pressure-drop 
c oef f ic ient ,2.3^ 


Without flameholder 

With flameholder 

Difference, 

^3 

percent 

Mach 

number. 

Mg 

Time 

delay. 

Do, 

sec/ft 

Mach 

number, 

Ms 

Time 

delay, 

sec /ft 

0.10 

0.00374 

0.102 

0.00369 

1.34 

.15 

.00275 

.156 

.00268 

2.54 

.20 

.00228 

.213 

.00224 

1.75 

.215 

.00223 

.232 

.00260 

-16.60 


TABLE III. - COMPONENT TIME DELAY OF 16-INCH RAM-JET ENGINE 


(conditions at fuel-injection-section exit: Mach number, 

0-185; temperature, 590^ R. Combust or -exit Mach number, 
0.459; total-temperature ratio, 4^ 


Engine component 

Time delay, 
sec 

Percent of 
total time 

Fuel-mixing section 

0.0060 

22.2 

Combustion chamber 

.0143 

52.8 

Exhaust nozzle 

.0033 

12.1 

Diffuser (station s to i, fig. 12) 

.0035 

12.9 

Total 

0.0271 

. 100.0 
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Figure 1. - Engine response to step change in fuel flow. 



Figure 2. - Schematic diagram of ram- jet engine. 
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Figure 3. - Temperature-distribution curves used in combustion- 
chamber analysis . 
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(a), Free-stream Mach number, 2.0. 

Figure 5. - Combustor time delay for step-function 
temperature distribution. 
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(b) Free-stream Mach number, 3.0. 


Figure 5. - Continued. Combustor time delay for step-function temperature 
distribution . 
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Inlet velocity, Uj, ft/sec 

(c) Free-stream Mach number, 4.0. 

Figure 5. - Concluded. Combustor time delay for step-function 
temperature distribution . 
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100 200 300 400 500 

Inlet velocity^ ft /sec 

(a) Free-stream Mach number, 2.0. 

Figure 6. - Combustor time delay for sinusoidal temperature 
distribution . 
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(b) Free-stream Mach number, 3.0. 


EiS*^re 6. - Continued. Combustor time delay for sinusoidal temperature 
distribution . 
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(c) Free-stream Mach number, 4.0. 

Figure 6. - Concluded. Combustor time delay for sinusoidal tem- 
perature distribution . 
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(a) Free-stream Mach number, 2.0. 

Figure 7. - Combustor time delay for linear temper- 
ature distribution . 
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Inlet velocity, Uj, ft/sec 
(b) Free-stream Mach number, 3.0. 

Figure 7. - Continued. Combustor time delay for linear temperature distribution 


CONFIDENTIAL 




MCA EM E55D22 


CONFIDEHTIAL 


29 



100 


200 300 400 500 

Inlet velocity, ft/sec 

(c) Free-stream Mach number, 4.0. 


600 


Figure 7. - Concluded. Combustor time delay for linear tempera- 
ture distribution. 
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Inlet velocity, ft/sec 

(a) Free-stream Mach number, 2.0. 

Figure 8. - Combustor time delay for exponential 
temperature distribution . 
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Figure 8. - Continued. Combustor time delay for exponential temperature 
distribution . 
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Inlet velocity, Uj, ft/sec 

(c) Free-stream Mach number, 4.0. 

Figure 8. - Concluded. Combustor time delay for exponential 
temperature distribution. 
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Figure 9. - Time delay in conical exhaust nozzle. 
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^ i' s 

Figure 10. - Wave -propagation -time parameter for subsonic diffuser. 
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Figure 11. - Wave-propagation time through constant-area section. 
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Frequency, cps 

Figure 13. - Experimental and theoretical phase-shift-frequency characteristics of 16-inch ram-Jet engine. 
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